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INTRODUCTION
This work presents the evaluation of the effective half-life of iodine for (near) total thyroidectomy using an in vivo gamma camera approach. Iodine-131 has been extensively adopted to treat thyroid cancer. After initial treatment (neartotal or total thyroidectomy), most patients are treated with 131 I for ablation of the residual thyroid gland. [1] [2] [3] [4] However, estimates of cumulative absorbed doses for patients and people around these patients remain controversial, since the effective half-life of iodine differs dramatically between thyroidectomy patients and non-patients. [5] [6] [7] The ICRP-30 report in 1978 gave the established criteria for the iodine biokinetic model with all related information for a healthy person, 8) but no attempt was made to evaluate the iodine effective half-life for thyroidectomy patients until the last two decades, despite the fact that the obtained data remain very disparate. 5, 6, [9] [10] [11] The evaluation of the iodine effective half-life for patients following remnant ablation of thyroid must be reconsidered from various perspectives, since the most dominant gland, thyroid, for (near) total thyroidectomy patients is the remnant gland of interest. Furthermore, The specific evaluation is essential from the viewpoint of dose prediction and cancer risk assessment. Researchers have also noted the disagreement between theoretical suggestions and real evaluations of thyroidectomy patients. Some simplified biokinetic models with two compartments have been adopted based on whole body counting for patients with only a single NaI detector. Yet, the unsuitable assumption in the simplified model may also cause error in the interpretation of the evaluated data. Since a single NaI detector as employed in earlier works can detect only the gross radioactive gamma ray in each patient, despite the presence of various organs, it is ineffective for evaluating precisely the iodine effective half-life of each compartment in humans. At least two or three model-based time-dependent data must be initially input to determine the complexity of simultaneous differential equations of iodine biokinetic model. In contrast, the use of a gamma camera to survey patients' absorption of radio pharmaceutical products meets the criteria for evaluating the iodine biokinetic model. The precise setting for region of interest (ROI) and gamma ray counts acquiring system of gamma camera easily determines the time-dependent gross counts in any particular ROI by making in vivo measurement of various patients. The revised T eff of
131
I is determined from many in vivo measurements made for thyroid carcinoma patients. Five patients underwent one to four weeks of whole body scanning using a gamma camera following surgical ablation of the thyroid. Derived data thus obtained were analyzed and normalized as the input data to fit a MATLAB program. Revised T eff of 131 I differed significantly from those obtained using an ICRP-30 and agreed partially with the empirical findings of other works.
MATERIALS AND METHODS

Biokinetic model of iodine
According to the ICRP-30 report, a typical human body can be divided into five major compartments in the biokinetic model of iodine: (1) stomach, (2) body fluid, (3) thyroid, (4) whole body, and (5) excretion, respectively as clearly illustrated in Fig. 1 . Additionally, the simultaneous differential equations for obtaining the time-dependent correlation for each compartment are also indicated in Eq. 1 ~ 4.
(1)
The q i and λ i is defined as the time-dependent quantity of 131 I in each compartment and the decay constant between each compartment, respectively. Since the biological halflives of iodine recommended by ICRP-30 for the stomach, body fluid, thyroid and whole body are 0.029d, 0.25d, 80d and 12d, respectively, the corresponding decay constants for each variable can be calculated [cf. Table 1] . Additionally, the time-dependent quantity of iodine in each compartment [cf. Fig. 2 The acquired data from either body fluid or whole body cannot be split in real measurement, whereas the thyroid gland is easily identified during data collecting.
program. The MATLAB program was designed to solve and plot the time-dependent simultaneous differential equations (1)~(4). The thyroid compartment dominates the timedependent function (Fig. 2) . Since the thyroid gland accumulates most of the iodine nuclides, the number of residual nuclides in other compartments declines rapidly over the first 50 hours (~2 days). Furthermore, the derived effective half-life T eff of iodine (~7.5d) is consistent with the theoretical definition, and equals the inversion of the sum of the inversion of the physical and the biological half-lives. However, the definition of the coefficients in Table 1 are inappropriate for all (near) total thyroidectomy patients since the dominant gland, the thyroid, is only the remnant gland in reality. Additionally, the thyroid cannot contain sufficient iodine for a long enough holding time since only about 1~5% of the thyroid remains following surgical resection. The biokinetic model of iodine for thyroidectomy patients must be reconsidered to determine the actual metabolic mechanism.
Patients' characteristics
Five patients (4F/1M) aged 37~46 years underwent consecutive one to four weeks whole body scanning by gamma camera after post surgical administration of 131 I for ablation of residual thyroid. Table 2 lists patients' characteristics. In addition, all five patients were accomplished the iodine clearance measurement before the practical scanning to suppress the interfering of evaluated data herein.
Experimental setup Gamma Camera
The adopted gamma camera (SIEMENS E-CAM) was located at Chung-Shan Medical University Hospital (CSMUH). The gamma camera's two NaI 48 × 33 × 0.5 cm 3 plate detectors were positioned 5 cm above and 6 cm below the patient's body during scanning. Each plate was connected to 2"-diameter 59 Photo Multiplier Tube (PMT) for data recording. Ideally, the 2 detectors can capture ~70% of the emitted gamma ray. Each patient scanned was given 1.11 GBq (30 mCi) 131 I capsule for thyroid gland remnant ablation. The 131 I capsule was carrier free with a radionuclide purity exceeding 99.9% and radiochemical purity exceeding 95.0%. All radio pharmaceutical capsules were fabricated by Syncor Int., Corp. The coefficient of variance (%CV) between capsules from the same fabricated batch was less than 1.0% confirmed by spot checks. 12) Thus, the positionsensitive gamma ray emitted from the 131 I dose administration for patient can, then, be analyzed and plotted. Table 3 . The time schedule for, and measured data from, whole body scanning of patient subject 1 in first week. The last column presents data for the thigh area and simulates the pure background for the NaI counting system. The net counts of the ROI (either the remainder or the thyroid) was simply determined by subtracting the count in the thigh region plus that in the thyroid areas or that in the thigh area only from the total counts in the actual whole body. 
Whole Body Scanning of Patients
Each patient was treated with 1.11 GBq 131 I once weekly for four consecutive weeks, for complete ablation of the residual thyroid gland. This treatment suppressed the rapid response of ultra high absorbed dose in normal organs. The post treatment 131 I was typically given six weeks after the thyroidectomy operation. However, thyroid medication was discontinued during that sixth week to reduce the complexity of any side effect. Care was taken to ensure that drugs that were administrated one week before scanning contained no iodine or radiographic contrast agents. Table 3 presents the measured data and scanning schedule for the first subject in the first week. The schedules for other patients (subjects 2~5) were similar with minor manipulations and represented individual deviations. The final column in Table 3 shows data from the ROI area of the thigh. This specific area simulated the pure background of the NaI counting system. Additionally, the body fluid and whole body compartments were treated as one and re-defined as "remainder" in the empirical evaluation since those were not separable by in vivo measuring. Therefore, the net counts of the ROI (either the remainder or the thyroid) was simply determined by subtracting the count in the thigh region plus that in the thyroid areas or that in the thigh area only from the total counts in the actual whole body.
RESULTS
Data of each patient are analyzed and normalized as initial input data to fit the optimal solution for Eqs. 1~4. Furthermore, to distinguish between the result fitted from MATLAB and the practical data in each subject, a value, Agreement (AT), is used. The agreement, AT is defined as (5) where Yn (raw data) and Yn (MATLAB) represent the normalized raw data from the practical evaluation of each subject at the nth data acquisition and that result computed from MATLAB, respectively. The value of N is defined to be between 11 and 17, which corresponding to the different arrangements of counting schedule for each subject herein. An AT value of zero reveals perfect agreement between analytical and empirical results. Generally, an AT value lower than 5. The BF implis the compartment of body fluid and the Ithy., Iexc. represents the branching ratio from body fluid to thyroid and to excretion, respectively in the biokinetic model. computational and practical data, whereas the AT fallen within 10.00-15.00 may still offer reliable confidence in a certain level. 13, 14) Table 4 presents the evaluated data for five subjects during one to four weeks of whole body scanning.
As shown in Table 4 , the T 1/2 (thy.) and T 1/2 (BF) are shifted from 80d and 0.25d to 0.66 ± 0.50d and 0.52 ± 0.23d, respectively. Yet, the branching ratio from the body fluid compartment to either the thyroid compartment (I thy. ) or the Fig. 3 . The time-dependent intensity of either whole body plus body fluid compartments or thyroid compartment from the optimized results of revised biokinetic model of iodine. The various data from in vivo scanning of 5 patients are also included. excretion compartment (I exc. ) is changed from 30%, 70% to 11.4 ± 14.6%, 88.4 ± 14.6%, respectively. A shorter biological half-life (80d→0.66d) and a smaller body fluid to remnant thyroid gland branching ratio (30%→11.4%) also reveal the rapid excretion of the iodine nuclides in the metabolic mechanism in thyroidectomy patients. Information is also provided to elucidate the trend in values for all subjects. Subject 1 had a larger remnant thyroid gland in the first week post-administration, and therefore a longer holding time for iodine nuclides inside the thyroid gland was expected; then the holding time was reduced rapidly to a level that was maintained for the following three weeks. Subject 2 had a moderate reaction to the administered iodine nuclides, so the biological half-life of iodine in the thyroid fell from 1.7d, 1.25d, 1.10d to 0.5d in the fourth week. The biological halflife of iodine in the thyroid gland in all four weeks in subject 3 was similar, being about 0.15d, which was also the lowest value of any subjects. Apparently, the thyroid gland in subject 3 barely functioned even during the initial period postadministration of iodine. Moreover, the characteristics of patients supported the evaluated results according to their status of remnant thyroid gland [cf. Table 2 ]. Subjects 1, 3 underwent complete ablation of thyroid gland while the subject 2 was given the minimal residual. Additionally, many of the given iodine nuclides were excluded in the initial period post-administrated, since most Iexc. was as high as 95% with an average Iexc. of 88.4% [cf. Table 4 ]. The lower Iexc. was mostly associated with subject 2 since she still had a few remnant thyroid glands among all five subjects. Specifically, for subject 2, the Iexc. was increased from 45%, 67.5%, 87.5% to eventually 95.0%, corresponding to the 1st, 2nd, 3rd and 4th weeks post-administration of 131 I, since the remnant thyroid gland degraded slowly. The mean corresponding ATs for the thyroid compartment and the remainder are 1.52 ± 1.54 or 14.05 ± 11.01. The lower AT of the thyroid compartment is associated with stronger agreement with the MATLAB-computed results than the remainder. An AT of only 1.52 ± 1.54, as determined by evaluation of the thyroid compartment is entirely consistent with the actual data, while the higher AT (14.05 ± 11.01) still reveals acceptable consistency for the remainder. Figure 3 displays the results computed using MATLAB coupled with practical data for various subjects work to clarify further the evaluation of either the thyroid compartment or the remainder. As clearly shown in Fig. 3 , the consistency between each evaluated curve and practical data for various subjects reveals not only the accuracy but also the different characteristics reflecting to real status of remant thyroid glands. Table 4 ]. The fact that different compartments dominate the iodine biokinetic model requires the different analysis of dose evaluation and for release criteria for patients based on public hygiene considerations. Furthermore, the standard dose prediction protocol on the basis of Medical Internal Radiation Dose (MIRD) calculational result 15) is also inappropriate for the thyroidectomy patients, since the rapid retention of radionuclide 131 I may induce comparatively high dose in the primary period after the post administration of iodine.
DISCUSSION
Original and Revised Biokinetic Model of Iodine
In a further examination of the theoretical biokinetic model, since 90% of the given 131 I in the whole body (compartment 4) feeds back to the body fluid (compartment 2) and only 30% of the given 131 I in the body fluid flows directly into the thyroid (compartment 3) [cf. Fig. 1] , the cross-links between compartments makes obtaining solutions to Eqs 1~4 extremely difficult. Just a minor change in the biological half-life of iodine in the thyroid compartment significantly influences the outcomes for all compartments in the biokinetic model. Moreover, the contribution of the stomach (compartment 1) to all compartments is negligible in this calculation since the biological half-life of iodine in the stomach is as short as 0.029 day (~40 min). The scanned gamma camera counts from the stomach yield no applicable data 2 hours after the administration of I-131, since nearly 90% of the total iodine nuclides is transferred to other compartments. Therefore, analysis of the calculated result for biokinetic model remains in either the remainder or the thyroid compartment only. As clearly shown, the intensity of iodine in the thyroid is maximal around 0.8d~1.2d after dose administration and implied less than ~24% for all doses with various parameter setting.
Effective Half-Life of Iodine in Thyroid and Body Fluid Compartments
The U.S. Nuclear Regulatory Commission (NRC) guidance document (U.S. NRC 1997b) recommends an effective half-life of 131 I in the thyroid compartment of 0.33d and in remaining compartments of more than 7d. 16) Additionally, some researchers have noted changes in the effective halflife of iodine in the human body for (near) total thyroidectomy patients. [5] [6] [7] [17] [18] [19] [20] [21] Specifically, Dr. Erdi identified three different T eff of iodine in the thyroid, 0.58d, 1.42d and 1.80d, for three thyroidectomy patients using PET imaging, whereas, the T eff of iodine in the bodies of the patients were in fact 0.4d to 6.0d. 7) In contrast, the evaluated T eff for the thyroid and the body fluid compartments are 0. Table 1 ]. The difference of Teff between the results in the different works may follow from the various definitions of specific compartments that were adopted in the model computation. For instance, Dr. North measured the scanned gamma ray of 268 patients at a distance of 1 meter by an NaI detector at three specific times 0.04d, 0.5d and 1.8d after iodine was administered. Accordingly, the evaluated Teff of iodine (0.58d) was derived from the gross patient counts, which approximately equaled the sum of the whole body, body fluid and thyroid compartment counts herein [cf. Fig. 1] . Therefore, the Teff for iodine that was reported by Dr. North may not represent that in either the thyroid or the body fluid compartment, as defined in the biokinetic model, even though, the Teff determined for iodine in the thyroid still approached to a similar value herein (0.61d), differing markedly from the results of the analyses of over 250 cases. 6) Dr. Kramer employed two groups of NaI detectors to scan thyroid glands and the whole body within the first week following the iodine doses was administered. They found that the biological half-lives of iodine were 1.0d and 18.4d, respectively over the short and long terms. These values were obtained using a two compartment retention model and averaged over nine athyreotic subjects.
5) Based on Figs 4 (for the thyroid compartment), and 5 (for the remainder, comprising body fluid and whole body compartments), the evaluated results for thyroid obtained herein must be verified with reference to other reports since the definition of the thyroid gland is direct and straightforward, while the definition of whole body is not. The whole body compartment plus the body fluid compartment is the remainder in the five compartment biokinetic model as used in this computation, whereas the whole body is either an independent compartment or combined together with the thyroid gland in some simplified two-compartment biokinetic models for other works. Furthermore, since the biological half-life of iodine in the whole body compartment is still 12 days in this specific five compartment biokinetic model computation, the integrated T eff of the remainder (both body fluid and whole body compartments) [cf. Fig. 5 ] remains about 5.8d. The value (5.8d) agrees well with that obtained by Dr. Erdi (0.4d~6.0d) 7) and the recommendations of the NRC (~7d).
16)
The value (5.8d) is obtained on the assumption that T bio of the thyroid compartment is 0.6d with the other parameters held for a standard man as given in Table 1 . Some of the computed data from which T eff (5.8d as aforementioned) was determined, were interpolated between elapsed time of 50h to 240h as plotted in Fig. 5 , since the thyroid remnant retains iodine in transient equilibrium with the whole body and the body fluid in early stage according to the biokinetic model.
CONCLUSION
The effective half-life of iodine in either the thyroid or the body fluid compartment for (near) total thyroidectomy patients was determined using in vivo gamma camera approach. The revised values were initially obtained from the computations made using the iodine biokinetic model in each subject and averaged over all five subjects. In contrast, the Teff of iodine in the thyroid compartment was changed from the original 7.3d to the revised 0.61d, while the Teff of iodine in the body fluid compartment increased from 0.24d to 0.49d. Furthermore, the Ithy. and Iexc. was changed from the original 30% and 70% to the revised 11.4% and 88.4%, respectively for real in vivo measurement. The difference between the results of the original and the revised iodine biokinetic model were used the quantified AT to imply the biological half-life of iodine in the thyroid and the remainder. The integrated Teff of the remainder (both body fluid and whole body compartments) remained about 5.8d, since the body fluid and whole body compartment were inseparable in real whole body scanning. The diffferent effective half life of radioiodine nuclides for thyroidectomy patients needed to be further cared in evaluating the effective dose from medical physics veiwpoint.
